This paper, for the first time, describes development and demonstration of a CAD/CFD/optimizer-integrated simulation-based design (SBD) framework by introducing an advanced CAD system direct control approach and a high-fidelity viscous free-surface CFD method. The CAD used in the present study is NAPA, which is one of the most accepted CAD systems in the domestic and foreign shipyards. The CFD method is FLOWPACK version 2006 developed by the present authors, a Reynolds-averaged Navier-Stokes equation solver which is capable for predicting viscous wavemaking effects by using free-surface tracking approach. The adopted nonlinear optimization scheme is based on genetic algorithm; currently, Message Passing Interface based parallel and serial computation architectures are implemented; and in this paper, results from the latter will be presented. The above-described three components are integrated to realize the most advanced-level SBD framework ever reported. An overview of the present method is given, and results are presented and discussed for shape optimization of DTMB Model 5415 and catamaran test cases to show capability of the present SBD framework for single-and multi-objective optimizations, respectively. Finally, prognoses of our future work will be addressed.
Introduction
The increasing complexity of engineering systems with the inherent difficulty to deal simultaneously with a growing number of design goals and constraints has raised the interest in the development of Simulation-Based Design (SBD) frameworks, which combine together computationally expensive analysis tools such as Reynolds-averaged Navier-Stokes (RaNS) solvers with computer-aided design (CAD) systems and efficient optimization algorithms. The authors' recent work has been focused on realization of such SBD frameworks for ship hull form design (see Refs.
1)-8) for complete survey of related work in domestic and international research communities). Recent developments in computational geometry and computational fluid dynamics (CFD) associated with increasing power of computer are capable to offer further opportunities of advanced level SBD. Three-dimensional surface modelers have essentially replaced the drawing board as the basic tool for definition and control of the configuration. High-fidelity CFD methods enable to evaluate detailed flow features about a new design, where viscous free-surface effects are comprehensively considered in the simulation. This paper, for the first time, describes development and demonstration of a CAD/CFD/optimizer-integrated SBD framework by introducing an advanced CAD system direct control approach and a high-fidelity viscous free-surface CFD method. The CAD used in the present study is NAPA, which is one of the most accepted CAD systems in the domestic and foreign shipyards. The CFD method is FLOWPACK version 2006 developed by the present authors, a RaNS equation solver which is capable for predicting viscous wavemaking effects by using free-surface tracking approach. The adopted nonlinear optimization scheme is based on genetic algorithm (GA); and currently, Message Passing Interface (MPI) based parallel and serial computation architectures are implemented; and in this paper, results from the latter will be presented. The above-described three components are integrated to realize a SBD framework, in which CFD-based hull form optimization is automatically performed. The present SBD framework is demonstrated for total resistance minimization of DTMB Model 5415, which is widely recognized by international research communities as a hull form with complexity in bow shape and transom stern, which yield new challenges for CFD development and three-dimensional surface modeling. Schemes to overcome the challenges are undoubtedly valuable for design of modern commercial ships, e.g., accurate prediction of complex transom wave field and representation of bow and stern shape with sufficient fairness. In addition, in order to show capability of the present SBD framework for multi-objective optimization, shape optimization of catamaran test case is performed, where total resistance and stability merit function are simultaneously minimized. In the following, an overview of the present SBD framework is given and results are presented and discussed.
Refs.
3)- 8) provide precursory demonstrations of the present SBD framework and related studies. Finally, conclusions and prognoses of our future work will be addressed. 
Overview of Computational Method
To develop CFD-based optimization methods, three main components must be built and are common among many different applications (see Fig.1 ): first, a method to solve the nonlinear optimization problem formed by the objective and the constraint functions; second, a geometry modeling method to provide a link between the design variables and a body shape; and third, a CFD method used as analysis tool to return the value of the objective function and of functional constraints.
In the present study, a CAD-based hull form modification method will be adopted. Two approaches are possible, i.e., CAD direct control and CAD emulation approaches. Those are illustrated in Fig.2 , i.e., systems 1 and 2, respectively. In the former, optimizer directly executes CAD macro file in which the procedures of hull form modification, geometry analysis, and CFD pre-processing are described. In the latter, a module is implemented in order to emulate CAD operation based on the same mathematical surface modeling (e.g., NURBS), and data I/O follows a universal data structure, e.g., IGES format. The two approaches offer advantage in different aspects, i.e., the former is more straightforward in implementation into ongoing design environment, and the latter more independent from CAD system itself. The authors recently demonstrated both approaches, i.e., in Refs. 1), 6) and Refs.
3),5),7), 8) for systems 1 and 2, respectively.
In the present study, system 1 is used.
In the following presentation and discussion of methods and results, values are non-dimensionalized by using speed of onset flow U 0 , fluid density , and ship length L PP . The Cartesian coordinate system is defined with the origin on the undisturbed free surface, X and Y axes on the horizontal plane, and Z axis directed vertically upward.
1 Optimization method
A general expression of N-objective function CFD-based optimization problem is defined as follows: 2 ,.. k ) are design parameters, F i is the objective functions to be minimized, and g i and h i are equality and inequality constraint functions. If some or all of these functions are nonlinear function of , the problem is nonlinear optimization problem that is assumed for the present study. Hence, appropriate solution scheme must be introduced to solve the problem. The adopted scheme is based on multi-objective genetic algorithm (MOGA). The basic procedure follows that of a standard GA: (i) generation of an initial population of individuals at random manner; (ii) decoding and evaluation of some predefined quality criterion, referred to as the fitness; (iii) selection of individuals based on a probability proportional to their relative fitness; (iv) crossover and mutation. The steps (ii) through (iv) are repeated until the generation achieves designated number. The author conducted detailed investigation on advantages of GA over conventional gradient-based approaches, e.g., successive quadratic programming (SQP) (e.g., Tahara et al.
1),2)
). Fig.3 illustrates differences in strategy between SQP and GA. SQP is able to efficiently search optimal if the initial point is correctly given. In contrast, GA is capable for global optimal search, and does not require evaluation of gradients. Another importance of GA is extendable feature not only for Pareto optimal finder in multi-objective optimization but also for parallel computation that enables to enhance computational efficiency.
In a form of mathematical model of GA, the genotype is represented as frequency. For instance, the frequency of genotype B i at generation t+1, i.e., x i (t+1) is given in terms of frequency at generation t as follows:
where n is population size, i f is a fitness of B i , and ) (t f is the average fitness of a population. In similar manner, change in the frequency through crossover and mutation are given by Crossover :
Mutation :
where C is a crossover tensor, and M ij is a mutation matrix which stands for the probability of mutation from B j to B i over one generation. C and M include crossover and mutation ratios, both of which are system parameters. Evaluation of effectiveness of GA is often discussed in conjunction with schema theory 9) , but that will not be main objective of the present paper. It is known that simulated annealing (SA), a related probabilistic optimization technique, can also be used within a standard GA algorithm, simply by starting with a relatively high rate of mutation, which decreases over time along a given schedule. The extension of GA for MOGA is straightforward. Main goal is to detect uniformly distributed globally Pareto optimal front. Definition of globally Pareto-optimal set is as follows: the non-dominated set of the entire feasible search space is the globally Pareto-optimal set 10) . In order to make the conditions of Pareto optimality mathematically rigorous, we state that a vector x is particularly less than y , symbolically y P x when the following condition holds:
Under this circumstance, we say that point x dominates point y . If a point is not dominated by any other, we say that it is non-dominated or non-inferior. The basic definition is used to find noninferior points in MOGA in association with Pareto-ranking technique and sharing method in the present study. At each generation, higher fitness f 0 is given to individuals of higher Pareto ranking R P , and at the same time, additive fitness f S is given to individual with the best quality in one of objective functions, i.e., f 0 =1/R P +f S . The functional constraints are accounted for by using a penalty function approach, which artificially lowers the fitness by applying a penalty parameter r if the constraints are violated and is expressed as:
Currently, the present GA and its extended version for MOGA schemes can be used in both the serial-and parallel-computation modes. The authors developed parallel GA and MOGA by introducing MPI protocol 11) and demonstrated for single-and multi-objective optimizations
. Fig.4 shows the difference between the conventional serial and parallel GA architectures. For the former case, processor 0 controls overall GA procedure, and processors 1 through m, where m is number of population, simultaneously execute CFD method, i.e., evaluation of f in the figure. It was shown that the present parallel GA/MOGA indicates satisfactory results, e.g., introduction of parallel architecture effectively enhanced computational speed and the accuracy was found equivalent to one of the advanced derivative-based multi-objective optimization scheme 4) . 
Geometry modeling method
The CAD module used in the present work is NAPA system 12) . An important element for the automatic shape optimization is the parametric expression and modification of the ship hull form, which is apparently a key feature of the NAPA system. Fig.5 shows an example for the parametric definition of DTMB Model 5415, an initial hull form used in the present work. The NAPA Macro is used to aid interfaces among CAD, optimizer, and CFD modules. In the NAPA Macro, the procedures of hull form modification, geometry analysis, and CFD pre-processing are described. Tahara et al. 1) includes a detailed example for the description. In addition, Tahara et al. 6) proposed a practical hull form modification method in combination with the CAD model, i.e., that is based on one-parameter hull form blending and two-parameter prismatic-curve control. , where H-O type grid was used. The H-O type was later found inappropriate to correctly represent transom stern. (Series 60 C B =0.6 ship model, Fn=0.316, and Rn=4×10 6 )
CAD-interfaced automatic grid generator
In the present work, a recently developed CAD-interfaced automatic grid generator is applied. Surface as well as volume grid is automatically generated based on prescribed setup parameters (which are basically same in series case studies if grid topology is fixed). The volume grid is generated by an elliptic-algebraic method by using an exponential scheme, and method of lines. An important concern for automatic gridding will be robustness to practical complexities of hull surface.
Through preliminarily exercises, the present scheme was shown capable for application to tanker hull forms, surface combatants, and container ships used in the recent CFD workshop (CFD Workshop Tokyo 2005 13) ). In all cases, the grid orthogonality especially near the hull surface is sufficiently maintained. Fig.6 shows an example for the computational grid, where the solution domain is also indicated. As is shown, overall topology of the present grid is the C-O type. The domain includes both port and starboard sides so that self-propulsion and/or drift motion simulations can be performed with accounting for asymmetric flows. In the present study, either the propeller action effects or drift motions are not considered, hence only a half domain grid is used. An advantage of the C-O type topology grid is ensured through preliminary computations. Fig.7 shows the results for the Series 60 C B =0.6 model in steady straight-ahead condition, where the similar size of computational grids, i.e., around a half million grids, are used for all computations. In general, the predicted wave profiles show good agreement with experimental data 14) , 15) . In the figure, "Tahara et al." is result presented in the earlier CFD Workshop 14) and obtained by using the H-O type grid. Indeed, the agreement with the measurements is the closest; however, this type was later found inappropriate to correctly represent transom stern. The C-O and O-O types can overcome the difficulty, and it appears that the C-O type is the better choice since agreement of the results with the measurements are nearly equivalent to that for the H-O type. Based on the above considerations, the C-O type was selected in the present study.
CFD module (RaNS equation solver -FLOWPACK version 2006)
FLOWPACK version 2006 is used for the flow simulation. The code has been developed by the authors, particularly for CFD education and research, and design applications for ship hydrodynamics, aerodynamics, and fluid engineering. In the transition for design applications, complete multi-block domain decomposition, automatic grid generation scheme, and CAD interface are included. At present, FLOWPACK has tight interface with both the commercial and the authors' in-house grid generators. The numerical method of FLOWPACK solves the unsteady Reynolds-averaged Navier-Stokes and continuity equations for mean velocity and pressure. Zero or two-equation turbulence model (k-or k-) is used for turbulence flow calculation, and in the present study, k-/k-blending model is used. The equations are transformed from Cartesian coordinates in the physical domain to numerically-generated, boundary-fitted, non-orthogonal, curvilinear coordinates in the computational domain. A partial transformation is used, i.e., coordinates but not velocity components. The equations are solved using a regular grid, finite-analytic spatial and first-order backward difference temporal discretization, and PISO-type pressure algorithm. FLOWPACK is able to consider wavemaking effects by using free-surface tracking approach. Exact nonlinear kinematic and approximated dynamic free-surface conditions are applied on the exact free surface, which is determined as part of the solution; i.e., the dynamic conditions are applied to velocity and pressure, and free-surface elevation is determined through the solution of the exact nonlinear kinematic condition using a Beam and Warming linear multi-step scheme with both explicit and implicit 4th-order artificial dissipation. The computational grid is automatically updated at each time step to conform to both the body and free surfaces.
Detailed validation studies have been done for transition of the CFD method to industrial design field, through application to geometries and flows which are theoretically and/or experimentally well understood and/or well known test cases. Tahara et al. 16) concerns detailed investigation on appropriate turbulence model and near-wall flow modeling, with particular emphasis on eliminating Reynolds number (Rn) limitation of CFD.
At present, ship full-scale flow simulation (i.e., Rn~O(10 9 )) considering surface roughness effects is possible.
Tahara et al. 17) is related to evaluation of accuracy in predicting ship viscous free-surface flow and propulsive performances, where self-propulsion simulation scheme was implemented into CFD. The present method was also applied to CFD-based ship-hull-form optimization, and the related documentations are available in Tahara et al. 6) . Nowadays, FLOWPACK has extended its range of application, i.e., from traditional ship designs to more general fluid engineering and aerodynamic designs, e.g., multiple sail design of America's Cup sailing boat (Tahara et al. 18) ) and parachute design of Mars landing spacecraft (Tahara 19) ). The success is based on main features of the method, i.e., complete multi-block domain decomposition capability, and acceptable turnaround time associated with known accuracy in predicting boundary-layer flows, separation flows, and hydrodynamic/ aerodynamic forces. Ultimate goal of the CFD development is to realize SBD framework. Through collaboration with domestic and international IT industries, several prototypes of the SBD framework have been developed and commercially released, in which FLOWPACK (including potential-flow solver) was integrated with well-known CAD system and optimization scheme along with powerful designer interface 12), 20) . Currently, further extensions of FLOWPACK are in progress by introducing advanced information technology such as compact parallel (or grid) computing architecture and virtual reality (VR) technology (Tahara et al.
11)
). Main objective of the work is to enhance capability of SBD for 10 million mesh level large-scale high-performance computing and pre/post data processing. Advanced level SBD will certainly be based on those. Other related references of the authors' CFD and SBD can be found in Tahara et al. 21) .
Uncertainty Assessments and Accuracy in Resistance Prediction
In use of CFD methods, uncertainty assessment must be provided for the solutions and computational grid. This is important to ensure reliability of CFD method used in optimization problem. In the following, uncertainty information of the present CFD will be given. The data are mainly from the latest work of the authors, in which the same RaNS code and gridding method are used along with the similar size of computational grid as those used in the present study. CFD uncertainty assessment consists of verification, validation, and documentation. Simulation uncertainty U S is divided into two components, one from numerics U SN and the other from modeling U SM . The U SN is estimated for both point and integral quantities and is based upon grid and iteration studies which determine grid U SG and iterative U SI uncertainties. A root sum square (RSS) approach is used to combine the components and to calculate U SN . CFD validation follows the method of Stern et al. 22) and Wilson et al. 23) , in which a new approach is developed where uncertainties from both the simulation (U S ) and EFD (experimental fluid dynamics) benchmark data (U D ) are considered. The first step is to calculate the comparison error E which is defined as the difference between the data D (benchmark) and the simulation prediction S, i.e., E=D-S. The validation uncertainty U V is defined as the combination of U D and the portion of the uncertainties in the CFD simulation that are due to numerics U SN and which can be estimated through verification analysis, i.e.,
. U V sets the level at which the validation can be achieved. The criterion for validation is that |E| must be less than U V . Note that for an analytical benchmark, U D is zero and U V is equal to U SN . Validation is critical for making improvements and/or comparisons of different models since U SN is buried in U V . The above-mentioned was applied to evaluate the present CFD method. Table 1 ). The size of computational grids is about 2,500,00 and smaller grid is prepared by using refinement ratio 2 r , i.e., around 900,000. Order of accuracy P G is 1.7, which is given by the previous experience, and the correction factor is given as C G =0.8. For C G =0.8 considered as sufficiently less than 1 and lacking confidence, U G =2.0%D is estimated. The variation in the total resistance is 0.2%D over the last period of oscillation, i.e., U I =0.2%D. Finally, U D =1%D and U SN =2%D yield U V =2.2%D. It is shown that the CFD result is validated for the indicated U V level. In authors' judgment, the agreement between CFD and EFD results
is satisfactory for this level of grid size, which is due to a fact that other CFD results recently presented for this test case are generally overestimated and the variation of data was about 5%D 13), 25) . In addition, Table 2 ). The measured data were presented in Ref. 13) . The size of computational grids is about one million for a half side (the starboard side) and the same U G for the previous case was assumed. The variation in the total resistance is 1.0%D over the last period of oscillation, i.e., U I =1.0%D.
Finally, U D =2%D and U SN =2.2%D yield U V =3.1%D. For this case, the CFD result is not validated through comparison with EFD data. E is relatively large, i.e., 5.7%D, which is likely due to the complexities in flow for this hull form. In fact, other computational results presented in the recent workshop 13) indicated considerably large variation for the total resistance. For example, the well-known CFD software FLUENT and CFDSHIP-Iowa predicted E=-9.5%D and E=7.5%D, respectively. Including validity of uncertainty estimation in EFD, explanation of the discrepancy needs more investigations.
Demonstration for Single-Objective Optimization: DTMB Model 5415 Optimization Problem

Initial design
The initial design is DTMB Model 5415, which was conceived as a preliminary design for a naval surface ship ca. 1980 (see Figs.8 and 9 for overview of the geometry, and Table 3 for main particulars). The hull geometry, available in IGES format, includes both a sonar dome and transom stern. Propulsion is provided through twin open-water propellers driven by shafts supported by struts. There is a large EFD database for this model, due to an international collaborative study on EFD/CFD and uncertainty assessment between IIHR -Hydroscience and Engineering of the University of Iowa, Italian Ship Model Basin (INSEAN), and the Naval Surface Warfare Center, Carderock Division (NSWC). See Stern et al. 26) for more details. The validation data include boundary layer and wake, longitudinal wave cuts, bow and transom wave fields, and wave breaking. In the present study, bare hull is considered. As shown in Fig.10 , computed free-surface results indicate that characteristic features of the present hull form yield very steep bow wave and complexities in free-surface flow near the transom. 
Objective function, geometrical constraints, and design variables definition
As performed before 1) , main objective of the present study is system development and demonstration of the capability, which justifies use of relatively simple constraints and conditions. In the present study, optimization problem is defined as:
The objective function to be minimized is total resistance (R T ), which is directly computed by the present RaNS code, FLOWPACK v.2006, while the same numerical scheme along with computational grid discussed earlier is used. Geometrical constraints are imposed for L PP , draft d, room for the sonar device, and displacement . Also, static sinkage and trim are assumed. These optimization conditions are suggested for a test case of relatively small model (Model-2 in Table 3 is satisfactory for this level of grid size, which is due to a fact that other CFD results recently presented for this test case are generally overestimated and the variation of data was about 5%D 13), 25) .
In addition, Table 2 ). The measured data were presented in Ref. 13) . The size of computational grids is about one million for a half side (the starboard side) and the same U G for the previous case was assumed. The variation in the total resistance is 1.0%D over the last period of oscillation, i.e., U I =1.0%D.
Demonstration for Single-Objective Optimization: DTMB Model 5415 Optimization Problem
Initial design
Objective function, geometrical constraints, and design variables definition
The objective function to be minimized is total resistance (R T ), which is directly computed by the present RaNS code, FLOWPACK v.2006, while the same numerical scheme along with computational grid discussed earlier is used. Geometrical constraints are imposed for L PP , draft d, room for the sonar device, and displacement . Also, static sinkage and trim are assumed. These optimization conditions are suggested for a test case of relatively small model (Model-2 in Table 3 Step-1 and -2 optimal designs (%Original). The present demonstration aims at a global shape optimization of the initial design; i.e., entire hull form is modified to yield an optimal design. In the present study, strategy of hull form modification is twofold:
(Step-1) manually operate CAD (NAPA) to find feasible modified design that significantly decreases the objective function; and (Step-2) perform automatic optimization by using the present optimization scheme, and in this step, trends in Step-1 optimal design are included and design constraints are more strictly considered. This approach was found very promising, since designer's experience can be accounted for in Step-1, and the most time consuming part, i.e., search of true optimal design with strictly imposed constraints, is automatically performed. Table 4 and Fig.11 show comparison of geometry between the original and Step-1 optimal designs. Objective function R T is reduced in 10.1%O (% Original) and constraints (a) (b), and (c) in Eq. 7 are satisfied; however, displacement constraint (d) is slightly violated, i.e., that is reduced in 2.7%O. Note that this will be easily corrected in next step, i.e., Step-2.
In
Step-2, a similar approach used in the authors' tanker hull form optimization 6) is applied, i.e., a combination of hull-form blending and function-based hull form modification approach is used. Advantages of the function-based hull form modification are: (i) to reduce number of design variables, (ii) to decrease computational load, (iii) and in practice, to ensure continuous surface gradients and curvatures at the boundary of modification region. First, one parameter hull form blending operation is applied as follows:
where P , Hence, a single-objective three-parameter optimization problem is defined. As mentioned earlier, the present optimization scheme is basically capable for multi-objective optimization problem; but in this case, the fitness function f 0 of GA is directly related to R T by using the Sigmoid function, i.e., Step-1 and -2 optimal designs. The manual optimal and the optimal correspond to
Step-1 and -2 optimal designs, respectively. 
Automatic optimization (Step-2) -system parameters and overview of optimal design
Automatic optimization (Step-2) was performed by using aforementioned GA optimization method, geometry modeling method, and CFD method. The system parameters of GA are as follows: crossover rate=1.0, mutation rate=0.05, population size=10, and penalty parameter r=1.0. The GA optimization was continued up to 5 generations, that automatically yields 50 new designs. The best solution among all designs was selected as the final solution to be presented and discussed. The computation took about 10 days in serial computation mode by using low-end Windows PC (Intel Xeon 2.4GHz), but this can be dramatically reduced if parallel computation environment is used (e.g., as demonstrated by the authors 5) ). Fig.13 shows generation history of total resistance in the present GA optimization, where (a) and (b) show global and local views of individuals, i.e., all individuals and individuals near minimum line, respectively. The optimal design appears at 5th generation, and the value of total resistance is indicated as "minimum" in the figure. It is seen that very similar design appears even at the 1st generation, and since both designs have nearly identical displacement and modification trends, the results indicate possible validity of the optimal design within the present optimization setup. However, an issue must be noted that the better convergence of individuals toward the optimal point is preferred to further ensure the validity, and this will be achieved if population size is increased. In the present demonstration, larger population size could not be used due to limitation of the computational environment, while this problem will be resolved in near future as power of computer increases. The design valuables of the optimal design are ( 1 , 2 , 3 )= (0.884,0.988,1.041), i.e., the geometrical features of the final optimal design are more influenced by Step-1 optimal design, and fore and after bodies are generally reduced and extended in transverse direction, respectively. Fig.14 along with Table 4 shows comparison of geometry between the Step-1 and -2 optimal designs, where it is indicated that dome width and length are both smaller for Step-2 optimal design, but breadth B as well as displacement is larger. All constraints (a) through (d) in Eq. 7 are satisfied for the Step-2 optimal design. Displacement is even increased in 1.5%O, and so is breadth B in 6.1%O. Note that reduction of the total resistance is 7.8%O for Step-2 optimal design, which is smaller gain than that for Step-1 optimal design. This is due to the slightly increased displacement from the latter, so that the displacement constraint is rigorously satisfied. It must also be noted that differences in frictional resistance is ignorable between the original and optimal hull forms, i.e., the gain is fully attributed to reduction of pressure resistance. A significant modification is seen in bow part, and the details including other related features are discussed in the next section.
Optimized bows
Figs.15 and 16 show comparison of bodyplan, and bow and sonar dome between the original and Step-2 optimal designs. The most important trend is decrease of the maximum breadth of the dome that is decreased by about 7.7%O. Another relevant trend is the extension of the sonar dome in the both forward and backward directions, and the length of the dome increased about 39.5%O. Differences in the region immediately above the sonar dome are also visible. The entry angle is reduced and the buttocks 日本船舶海洋工学会論文集 第 7 号are more bended than those for the original design. Differences extend in the entire bow region. The similar trends are also predicted by the author's previous work (5415-A, OPU results in Ref. 5) , see Fig.16 ), in which System-2 in Fig.2 was used, i.e., reduction of maximum breadth of the dome and entry angle of the bow above the sonar dome, and increase of sonar dome length are indicated. A shortcoming of the results (5415-A 5) ) which is attributed to surface modeling scheme (a single patch NURBS surface is used) is clearly improved in the present results. Step-2 optimal designs. 
Numerical results and verification
The objective function, i.e., total resistance, is reduced in 7.8%O for the present Step-2 optimal design. Improved resistance reflects on the computed free surface too, as reported in Figs.17 and 18. Wave pattern caused by the optimal design is globally smoother, as can be clearly seen by Fig.18 that shows the wave profile near the bow. The optimal design remarkably reduces the amplitude of the first crest. The pressure on the hull, reported in terms of C P in Fig.19 shows improvements in the pressure distribution with reduced low-value regions, which correlates with the trend in wave profile. On the other hand, sonar dome vortices shown in Fig.20 indicate overall increased magnitudes for the optimal design, which is because a constraint to limit the worsening is not yet considered. This was actually done in the author's previous work 5) (see Fig.21 ) and is possible to included in the present SBD framework as well in future work. are more bended than those for the original design. Differences extend in the entire bow region. The similar trends are also predicted by the author's previous work (5415-A, OPU results in Ref. 5) , see Fig.16 ), in which System-2 in Fig.2 was used, i.e., reduction of maximum breadth of the dome and entry angle of the bow above the sonar dome, and increase of sonar dome length are indicated. A shortcoming of the results (5415-A 5) ) which is attributed to surface modeling scheme (a single patch NURBS surface is used) is clearly improved in the present results. Step-2 optimal designs. 
The objective function, i.e., total resistance, is reduced in 7.8%O for the present Step-2 optimal design. Improved resistance reflects on the computed free surface too, as reported in Figs.17 and 18. Wave pattern caused by the optimal design is globally smoother, as can be clearly seen by Fig.18 that shows the wave profile near the bow. The optimal design remarkably reduces the amplitude of the first crest. The pressure on the hull, reported in terms of C P in Fig.19 shows improvements in the pressure distribution with reduced low-value regions, which correlates with the trend in wave profile. On the other hand, sonar dome vortices shown in Fig.20 indicate overall increased magnitudes for the optimal design, which is because a constraint to limit the worsening is not yet considered. This was actually done in the author's previous work 5) (see Fig.21 ) and is possible to included in the present SBD framework as well in future work. .
Comparison of axial vorticity contours between the original and optimal hull forms (X=0.2: behind sonar dome). The control region, placed in X=0.2 section, is reported as a circle.
Finally, it is important to note that success of the present optimization is further supported by the numerical verification studies. The authors proposed a verification and validation procedure for a single-objective optimization results 5) . The procedure represents an extension of the one proposed by Stern et al. 22 ),23) for single numerical simulation validation approach for trends by adding the verification considerations. Since experimental campaign was not yet performed for the present optimal hull, we focus only on verification of the trend. With reference to the uncertainties, we now need a condition states that if the expected improvement S =S P -S O , where S P and S O are simulation values for the parent (initial) and the optimal designs, respectively, is greater than the simulation numerical noise U S , then the optimized design is numerically verified. Hence that follows:
where U SNP and U SNO are simulation uncertainties for the parent and the optimal designs, respectively, and those may be assumed equal if the same numerical schemes are used. In Table 5 , the present results are summarized. U G is assumed to be equal to that discussed earlier for the original design. The gain is 7.8%, and this is greater than U S , therefore, the optimal design is numerically verified at the present U S level. In this section, in order to show capability of the present SBD framework for multi-objective optimization, shape optimization of catamaran test case is discussed. Another aim of the present demonstration is to investigate feasibility of the present SBD framework for optimization of high-speed multi-hull ships.
Several studies were reported on optimization of such ships (e.g., Refs.
27), 28) ) by using linear potential flow theory, and in Ref. 28) a
Real-coded GA approach was used for optimization. Overall results shown in Refs. 27),28) are found promising; however, the CFD methods used in the work apparently indicate limitations due to lack of viscous and nonlinear free-surface effects. In fact, the present optimization problem for multi-hull ships involves many topics of interest, e.g., investigation of underlying flow physics related to source of interference resistance, highly nonlinear free-surface phenomena, and influence of change in ship attitudes on propulsive performance. In this paper, focus is more on capability of the present SBD framework, and results for relatively simple test case are discussed. Through the aforementioned NICOP project, further investigation of the present SBD framework for practical hull geometry is in progress, by introducing more advanced CFD scheme to predict ship attitudes and motions.
Those will be reported in future publication. .
Initial designs, objective function, geometrical Constraints, and design variables definition
The initial designs are three catamaran designs, i.e., Ship-A, -B, and -C. Ship-A is so-called Wigley catamaran as shown in Fig.22 . The experimental data for Ship-A are available in Ref. 29) , i.e., the measurements were performed in Kyushu University towing tank 日本船舶海洋工学会論文集 第 7 号by using L PP =1m model. Both static-and free-trim/sinkage conditions were performed, and in this paper, only the former is considered. Overall topology of the computational grid is C-O type, which is basically same as that used for Model 5415, however for the present case, additional four blocks are embedded to effectively decompose solution domain between the two demihulls. Due to the inclusion of additional blocks, total number of grids increases about 10% from that for Model 5415 case, however increase in computational load is found insignificant. Fig.23 shows comparison of total resistance coefficients between the computations and measurements for Ship-A.
Agreement between the two results is found satisfactory especially for a target Fn=0.55, which is used for optimization as described below. On the other hand, Ship-B and -C are designed so as to move volume distribution of Ship-A backward and outward, respectively, aiming to have different concept designs with reducing the total resistance. More specifically, a half breadth b to define the original demihull is replaced by b I (x) and b O (x) for inward and outward, respectively, but the displacement is rigorously kept unchanged. Demihull of Ship-B is symmetric, i.e., b I (x)=b O (x). Total resistance is reduced in 1.6%A (%Ship-A) and 3.8%A for Ship-B and -C, respectively, and it is found that those gains are fully attributed to reduction of pressure resistance, while changes in frictional resistance are ignorable. The three initial designs are used for blending operation in the present multi-objective optimization.
Based on suggestion from the aforementioned NICOP project, the present optimization problem is defined as follows: The objective functions to be minimized are total resistance F 1 and stability parameter F 2 =KMT, where KMT is transverse metacenter height from the keel. Other stability parameters, e.g., GM, are possible alternatives; however in the present demonstration KMT is used since that is only related to hull form geometry, and the present design conditions do not include specification of the center of gravity that is related to internal and deck designs. It must also be noted that, for design of multi-hull ships for which large stability is inherently ensured, the aforementioned F 1 and F 2 can be parameters in design tradeoff regarding propulsion and seakeeping quality aspects. As volume distribution of demihull moves outward, total resistance and KMT tend to be smaller and larger, respectively. Increase of KMT causes worsening of some seakeeping quality, e.g., increase of vertical acceleration due to rolling motion especially in shorter-wave-length beam sea conditions, and in association with it, increase of rate of passengers' seasickness. A main purpose of the present multi-objective optimization is to provide designers not only a single optimal design, but Pareto optimal set which involves multiple candidates for their final selection. This is realized by the present problem setup as shown later. In the present optimization, F 1 is directly computed by the RaNS code, and F 2 is numerically evaluated during hull-surface modification. Geometrical constraints are imposed for L PP , draft d, demihull distance h, and displacement , so that new designs have the same values for those of Ship-A. Note that Ship-B and -C satisfy all constraints. Also, as mentioned earlier, sinkage and trim are fixed to be static for the present optimization. Among the three initial designs, F 1 is the largest for Ship-A and the smallest for Ship-C; however, F 2 indicates reverse trend, i.e., the values are the largest for Ship-C and the smallest for Ship-A, which is apparently related to geometrical features of the three designs. Fig.24 shows comparison of the wave field along with shapes of waterline for the three designs. The overall trends shown in wave field for Ship-B and -C are consistent with the reduction of total resistance from that for Ship-A. Especially for inward wave field, Ship-B and -C yield considerably lowered bow wave crest and backward shift of wave trough near the stern. The effects are more significant for Ship-C with the smallest total resistance among the three designs. The aspects of wave field are directly related to reduction of high-pressure and low-pressure by using L PP =1m model. Both static-and free-trim/sinkage conditions were performed, and in this paper, only the former is considered. Overall topology of the computational grid is C-O type, which is basically same as that used for Model 5415, however for the present case, additional four blocks are embedded to effectively decompose solution domain between the two demihulls. Due to the inclusion of additional blocks, total number of grids increases about 10% from that for Model 5415 case, however increase in computational load is found insignificant. Fig.23 shows comparison of total resistance coefficients between the computations and measurements for Ship-A.
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Automatic optimization -system parameters, and overview of optimization results
The system parameters of GA are as follows: crossover rate=0.85, mutation rate=0.05, population size=10, and penalty parameter r=1.0. The GA was continued up to 10 generations, that automatically yields 100 new designs. Unlike the case for single-objective optimization, main goal of the present multi-objective optimization is to detect Pareto optimal set. Fig.25 shows distribution of solutions, where a curve denoted as "Pareto front" indicates approximated location of Pareto optimal set, and all designs in the set will be candidates for design tradeoff between F 1 and F 2 . Design constraints (a) through (d) in Eq.13 are rigorously satisfied, that is one of advantages to introduce the present blending approach (Eq.14), i.e., if all initial designs satisfy the design constraints, the new design from the blending operation automatically satisfies the constraints. The computation took about 20 days in serial computation mode by using the same low-end Windows PC as that used for the previous Model 5415 optimization case. As mentioned earlier, this can be dramatically reduced if parallel computation environment is used. In order to investigate trend in geometry and flow, minimum total resistance (F 1 ) design is selected, i.e., Ship-D, which is indicated as "D" in the figure. The blending parameters of Ship-D are (a A ,a B ,a C )=(0.015,0.480, 0.505), i.e., the geometrical features are mostly influenced by Ship-B and -C. That is, the volume distribution of Ship-D is moved outward and backward as compared to that of Ship-A.
Numerical results and verification
It is seen that the present blending operation is able to yield new designs with significantly reduced F 1 from those of the initial designs. Table 6 shows comparison of F 1 and F 2 for initial designs and a selected design from the Pareto optimal set, i.e., Ship-D. As compared to values for Ship-A, F 1 of Ship-D decreases in 6.3%A; but, F 2 increases in 0.8%A, which is due to a tradeoff nature between the two objective functions as mentioned earlier. On the other hand, as compared to values for Ship-C, both F 1 and F 2 of Ship-D decrease in 2.5%A and 1.8%A, respectively. As far as the present results are concerned, Ship-A and -D are "non-inferior" designs. Although the differences of F 2 appear relatively small, capability of the present optimization method to detect Pareto optimal set is successfully shown. Reduced total resistance is related to the wave field as shown in Fig.26 . Aforementioned trends in wave field are more significant, i.e., especially in inward wave field, bow wave crest is clearly lowered and wave trough near the stern is shifted backward as compared to those for Ship-A. Table 7 shows summary of numerical verification of the results, in a similar manner as that for the previous Model 5415 optimization. In general, all candidate designs on Pareto set must be numerically verified; however in this paper, only Ship-D is evaluated to show an example. As considered earlier, regions in fore body and after body, respectively, both of which correlate with reduction of pressure resistance. The three designs are used to yield a new design through the use of the following blending operation: 
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Numerical results and verification
It is seen that the present blending operation is able to yield new designs with significantly reduced F 1 from those of the initial designs. Table 6 shows comparison of F 1 and F 2 for initial designs and a selected design from the Pareto optimal set, i.e., Ship-D. As compared to values for Ship-A, F 1 of Ship-D decreases in 6.3%A; but, F 2 increases in 0.8%A, which is due to a tradeoff nature between the two objective functions as mentioned earlier. On the other hand, as compared to values for Ship-C, both F 1 and F 2 of Ship-D decrease in 2.5%A and 1.8%A, respectively. As far as the present results are concerned, Ship-A and -D are "non-inferior" designs. Although the differences of F 2 appear relatively small, capability of the present optimization method to detect Pareto optimal set is successfully shown. Reduced total resistance is related to the wave field as shown in Fig.26 . Aforementioned trends in wave field are more significant, i.e., especially in inward wave field, bow wave crest is clearly lowered and wave trough near the stern is shifted backward as compared to those for Ship-A. Table 7 shows summary of numerical verification of the results, in a similar manner as that for the previous Model 5415 optimization. In general, all candidate designs on Pareto set must be numerically verified; however in this paper, only Ship-D is evaluated to show an example. As considered earlier, U SNP and U SNO are assumed equal, and U G is also assumed equal to that discussed earlier since similar size of grids are used. Uncertainty for F 2 is assumed ignorable, since that does not come from simulation. As shown in the table, the differences in F 1 and F 2 are 6.3%A and 0.8%A, and those are greater than U S , therefore, the optimized design is numerically verified regarding F 1 and F 2 at the present U S level.
Concluding Remarks
For the first time, this paper describes development and demonstration of a CAD/CFD/optimizer-integrated SBD framework by introducing advanced CAD system and high-fidelity viscous free-surface CFD method. MOGA was used for optimization scheme. Finally, the most advanced-level SBD framework ever reported was realized. The present SBD framework was demonstrated for both single-and multi-objective optimization problems, through application to design optimization of DTMB Model 5415 and catamaran test cases, respectively. Numerical verification is conducted for the present results, and it appears that the overall scheme developed in the present work shows satisfactory performance and is found very promising. On the other hand, since main objective of the present work is still on system development and demonstration of the capability, which justifies the use of relatively simple design conditions and small number of design parameter, population size, and maximum generation in the present evolutionary algorithm, some shortcomings of the results due to the setup are also indicated in the results. Those issues, however, will be resolved as more powerful computational environment is available. The present hull form blending approach appears very promising, while an issue presented in catamaran test case related to insignificant change in stability merit faction (F 2 ) will be resolved by using initial designs with larger variation of configuration, e.g., catamarans with large differences in demihull distance. Using structural design features as objective function will be of practical interest as well. Further demonstrations and evaluation of the present SBD framework must be continued, in order to ensure the capability and complete successful transfer to designers.
These days, the basic techniques of CFD methods are generally quite well established. SBD framework composed of CFD methods, optimizer, advanced surface modeling method and other components of information technology can compress the design process and allows ship hull form designers to consider larger range of alternative designs. The author's future work will be focused on development and demonstration of more advanced-level SBD framework. As the power of computing facility continuously increases, the easier each designer will perform SBD on independent PC. That will, in association with further development of SBD framework, keep designers from heavy workload on computing setup, and enable their creative thinking to produce new design concepts.
